INTRODUCTION
Rosette is the most damaging virus disease of groundnut (Arachis hypogaea) in Africa and can cause epidemics that result in yield losses valued at many million dollars. Affected plants contain groundnut rosette virus (GRV), which is transmitted by Aphis craccivora only from plants that also contain groundnut rosette assistor virus (GRAV) (Okusanya & Watson, 1966 : Hull & Adams, 1968 Dubern, 1980; Reddy et al., 1985a) . A. craccivora transmits the virus complex in the persistent (circulative) manner (Storey & Ryland, 1955) . GRV is manually transmissible but GRAV is not. GRAV is a luteovirus (Casper et al., 1983; Reddy et al., 1985a; Rajeshwari et al., 1987; Rajeshwari & Murant, 1988) with isometric particles approx. 28 nm in diameter. No virus-like particles have been reported for GRV but infected plants yield infective ssRNA (Reddy et al., 1985 b) . In many properties GRV resembles carrot mottle virus (CMotV) (Murant et al., 1969 (Murant et al., , 1985 Halk et al., 1979) , which depends on carrot red leaf virus (CRLV) for transmission by the aphid Cavariella aegopodii in a persistent manner (Watson et al., 1964; Elnagar & Murant, 1978 a, b; Waterhouse & Murant, 1983) . Reddy et al. (1985 b) reported that in infected leaves GRV, like CMotV (Murant et al., 1985) , induces the formation of abundant dsRNA with a characteristic electrophoretic profile; each virus induces dsRNA species of Mr approx. 3.2 x 106 and 0.9 x 106 (4.6 and 1.3 kbp), the former presumed to be a doublestranded form of the infective ssRNA (Mr approx. 1.6 x 106 ; 4.6 kb). In addition, however, GRV induces the formation of a very prominent dsRNA species of approx. Mr 0.6 x 106 (900 bp), together with several species of intermediate mobility. Reddy et al. (1985 b) suggested that the 900 bp dsRNA might be a satellite. In this paper we show that this is so, and that the satellite is largely responsible for rosette symptoms in groundnut.
METHODS

Virus isolates.
The following isolates were imported under licences issued by the Department of Agriculture for Scotland. Isolates GRV(C) and GRV(G), from Nigeria, were those of Reddy et al. (1985a) , and were from plants with chlorotic and green forms of rosette respectively (Hayes, 1932; Hull & Adams, 1968) . Additional Nigerian isolates of the same type were called GRV(C2) and GRV(G2). Isolates GRV(MC) and GRV(MM) from Malawi, supplied by Dr K. R. Bock, were from plants with chlorotic rosette and mosaic rosette respectively (Storey & Bottomley, 1928; Storey & Ryland, 1957) ; six additional Malawian isolates from other plants with chlorotic rosette were used in one experiment. The GRV isolates were maintained and propagated in Nicotiana benthamiana or N. clevelandii by manual inoculation, or in groundnut cv. TMV-2 (in mixed infections with their naturally associated cultures of GRAV) by grafting or aphid (A. craccivora) transmission. Isolate GRAV(C) was that of Rajeshwari & Murant (1988) and was propagated in groundnut by graft inoculation. Procedures for raising test plants and for manual and aphid transmission were as described by Reddy et al. (1985a) .
Preparation and density gradient centrifugation of total nucleic acid from infected leaves. Fresh leaf tissue (10 g) was ground to a fine powder in liquid nitrogen with a pestle and mortar. The powder was then stirred for 30 min at room temperature with 20 ml TSE buffer (50 mM-Tris-HC1, 0.1 M-NaC1, 1 mM-disodium EDTA, pH 7.0), 3.0 ml 10% SDS, 40mg bentonite and 30 ml 'phenol reagent' (9 vol. water-saturated phenol and 1 vol. m-cresol, containing 0.1% 8-hydroxyquinoline). Nucleic acids were precipitated from the aqueous phase with 70% ethanol at -20 °C overnight, washed three times with cold 70% ethanol and the pellets resuspended in TSE buffer containing 0.1% SDS. The preparation was heated at 60 °C for 10 min, cooled rapidly in ice and 200 Ixg samples were layered on gradients of 10 to 40% sucrose made up in TSE buffer containing 0.1% SDS, in Beckman SW41Ti rotor tubes. Centrifugation was for 16 h at 25 000 r.p.m. (106 000 g) at 20 °C. The gradients were displaced upwards and analysed with an Isco Model 640 density gradient analyser, and 12-drop fractions were collected.
Preparation ofdsRNA from infected leaves. Preparations of total nucleic acid were made as described above but after the phenol extraction step the aqueous phase was adjusted to 20% (v/v) ethanol. The preparations were then chromatographed on Whatman CF-11 cellulose as described by Dodds & Bar-Joseph (1983) , the dsRNA fraction being eluted with TSE buffer. Nucleic acid was recovered from the eluate by ethanol precipitation. Except when the preparation was to be used for recovery of infectivity, the sample was resuspended in 50 mM-Tris-HC1, 50 mMNaCI, 10 mM-MgC12, pH 7.5, and treated with 10 ~tg/ml DNase I (Sigma) for 30 min at 30 °C, then adjusted to 0.3 M-NaCI and treated with 10 ng/ml RNase A (Sigma) for 1 h at 30 °C. The preparation was then adjusted to 2% SDS and re-extracted with 'phenol reagent'.
Electrophoresis ofdsRNA in polyacrylamide gels. Precipitates of dsRNA were resuspended in 36 mM-Tris-HC1, 30 mM-NaH2PO4, 1 mM-EDTA, pH 7.6, and electrophoresed in 1.5 mm thick 7% polyacrylamide slab gels made up in the same buffer. Electrophoresis was at 3.8 V/cm for 16 h. A preparation of dsRNA from rice dwarf reovirus (RDV), kindly provided by Dr G. Boccardo, was used to provide standards ranging in Mr from 3.1 x 106 to 0.52 x 106 (Reddy et al., 1974) . The gels were stained with silver, following the method of Sammons et al. (1981) (see also Igloi, 1983) , except that the staining was stopped by transfer of the gel to 25 % ethanol, 5 % acetic acid.
Separation and recovery of dsRNA species by electrophoresis in agarose. TBE buffer (90 rnM-Tris, 90 mM-boric acid, 0.1 mM-EDTA, pH 8.3) was used as both gel and tank buffer. Precipitates of dsRNA were resuspended in TBE buffer containing 7% sucrose and etectrophoresed for 5 h at 4-3 V/cm in 2.4 mm thick horizontal submarine gels of 0.9 % low gelling temperature (LGT) agarose (Seaplaque; FMC Bioproducts, Rockland, Me., U.S.A.). The tank buffer contained 0.5 mg/l ethidium bromide and the stained bands were examined at 302 nm with a TM-36 transilluminator (Ultraviolet Products, Cambridge, U.K.). Bands of the same dsRNA species from four lanes were pooled and melted in 0.5 ml 10 mM-Tris-HC1, 1 mM-EDTA, pH 8.0, by heating for 5 min at 65 °C. The mixture was extracted successively with 0.75 ml each of 'phenol reagent', 'phenol reagent' plus chloroform (1 : 1), and chloroform plus pentan-2-ol (23:1). The dsRNA was precipitated from the final aqueous phase by adding two drops of 3 M-sodium acetate, 10 ~tg glycogen and 2.5 vol. absolute ethanol.
Preparation of radioactively labelled cDNA from dsRNA templates. Separated dsRNA species recovered from LGT agarose gels were denatured by treatment with 10 mM-methylmercuric hydroxide at room temperature for 10 rain, and reverse-transcribed in reaction mixtures containing 50 mM-Tris-HC1 pH 8.3, 10 mM-MgCI2, 25 ~tg random DNA primer mixture (Taylor et al., 1976) , 15 mM-2-mercaptoethanol, 0-33 m~t each of dGTP, dCTP and TTP, 2 MBq of[~ -32P]dATP (30 TBq/mmol) and 24 units of reverse transcriptase in a total volume of 100 vtl. After incubation for 3 h at 37 °C, the reaction was stopped by adding SDS to 0-2%. RNA was removed by incubation in 0.3 M-NaOH at room temperature overnight, and the cDNA was purified by chromatography through Sephadex G-50.
Electroblotting ofdsRNA from polyacrylamide slab gels. Polyacrylamide gels were soaked in 50 mM-NaOH for 50 min, then washed three times in tank buffer (25 mM-sodium phosphate pH 5.5). The gels were then electroblotted on to Bio-Rad Zeta-Probe nylon membranes in a Bio-Rad Trans-Blot Model 160 blotting apparatus at 55 V for 18 h. The tank buffer was cooled continuously to 5 °C. Blots were prehybridized at 65 °C for 3 h in 5 x SSC (1 x SSC is 150 mM-NaC1, 15 mM-sodium citrate) containing 0'8 ~ each of bovine serum albumin, Ficoll 400 and polyvinylpyrrolidone, 2 mg/ml sonicated denatured calf thymus DNA, and 0-3 ~ SDS. Hybridization was with l0 s d.p.m./ml cDNA in the same mixture at 65 °C overnight. Blots were washed four times for 15 min each at 65 °C in 2 x SSC with 0.1 ~ SDS, and autoradiographed on Fuji RX X-ray film at -70 °C using intensifying screens.
RESULTS
Comparison of dsRNA from different GRV isolates and different hosts
In extensive tests with dsRNA preparations from infected N. clevelandii or N. benthamiana plants, isolates GRV(C), GRV(G), GRV(C2) and GRV(G2) from Nigeria, and GRV(MC), GRV(MM) and six additional isolates from Malawi all yielded electrophoretic patterns similar to that reported previously (Reddy et al., 1985b) for GRV(C) (Fig. 1, 2a , 2c), with two species (arrows 1, 2) of Mr approx. 3.2 x 106 and 0-9 x 106 (4.6 and 1.3 kbp), similar in mobility to those of CMotV, as well as a very prominent species (arrow 3) of Mr approx. 0.6 x 106 (900 bp) and numerous, mostly minor, species of intermediate Mr. The minor species differed in number and relative intensity in different preparations but there were no consistent differences between isolates. Bands were rarely seen in lanes with dsRNA preparations from healthy plants; those which did appear (e.g. Fig. 2c , lane 1) did not correspond in position to any of the bands from infected samples.
Determination of homologies among GRV dsRNA species by eDNA hybridization
To examine the relationships among the sequences of the GRV-associated dsRNA species, dsRNA preparations from approximately equal weights of N. benthamiana leaves infected with GRV(C), GRV(G) and GRV(MC) and from healthy leaves were electrophoresed in polyacrylamide gels, transferred to Zeta-Probe membranes and probed with cDNA prepared against separated dsRNA species of GRV(C). A probe complementary to the largest dsRNA (4-6 kbp) of GRV(C) reacted with the homologous dsRNA, as well as with dsRNA species of the same size from the other two isolates (Fig. 2a, b) . This probe also reacted with dsRNA species of 1.3 kbp from each of the isolates, although not all preparations contained sufficient of this species to be detectable; in the experiment illustrated, only the band for GRV(G) is clearly visible in the print. No reaction was observed between this probe and the 900 bp dsRNA or any of the intermediate dsRNA species. Thus the 4.6 kbp and 1.3 kbp species, henceforth referred to as dsRNA-1 and dsRNA-2 respectively, have at least some sequences in common.
A probe complementary to the 900 bp dsRNA species of GRV(C) reacted with the homologous dsRNA, with dsRNA species of the same size from each of the other two isolates, and with additional, larger, dsRNA species in each preparation (Fig. 2d) . Careful comparison of the positions of the bands on the autoradiogram with those in the silver-stained portion of the same gel (Fig. 2e) showed that dsRNA-1 and dsRNA-2 reacted very weakly or not at all with this probe; these weak reactions were possibly a result of slight contamination of the 900 bp dsRNA template with fragments of dsRNA-I or dsRNA-2.
Neither probe reacted with any bands in lanes loaded with dsRNA from healthy N.
benthamiana plants, but in some experiments the cDNA-3 probe reacted with heterogeneous material that remained near the origin (e.g. Fig. 2d, lane 1) . The nature of this reaction, which we believe to be non-specific, has not been investigated further. These results suggest that the 900 bp dsRNA species, henceforth referred to as dsRNA-3, apparently lacks appreciable sequence homology with dsRNA-1 or dsRNA-2, but is related to several dsRNA components of intermediate size in infected plants. Reddy et al. (1985 b) showed that the infective nucleic acid in G RV-infected leaves is ssRNA; they found dsRNA preparations to be non-infective but did not attempt to discover whether they would become infective when melted. In the present work, several unsuccessful attempts were made to eliminate the putative satellite, dsRNA-3, from the GRV(C) culture by either cutting out the dsRNA-1 band from LGT agarose gels, heating the gel slices at 100 °C for 5 rain in the presence of Tris-EDTA buffer containing 4 mg/ml bentonite, chilling rapidly in ice, and inoculating to N. benthamiana, or centrifuging a preparation of total nucleic acid from GRV(C)-infected N. clevelandii leaves in a sucrose density gradient, collecting the infective fractions corresponding to the expected position of a ssRNA of 4-6 kb (Reddy et al., 1985b) , and inoculating to N. benthamiana at a range of dilutions.
Production of an isolate lacking dsRNA-3
Both these types of experiment yielded virus isolates, but all had the same dsRNA electrophoretic profile as the parent GRV(C) culture. Therefore subsequent attempts to eliminate the putative satellite were made by culturing isolate GRV(C) in different experimental hosts. GRV has a restricted host range, the only known systemic hosts outside the Leguminosae being Gomphrena globosa, N. benthamiana, N. clevelandii, N. rustica and Spinacia oleracea (Okusanya & Watson, 1966; Reddy et al., 1985a; Rajeshwari & Murant, 1988) . N. benthamiana and N. clevelandii were already known to support multiplication of dsRNA-3. Tests were therefore done with G. globosa and S. oleracea. An isolate recovered from S. oleracea still contained dsRNA-3, but two of the six G. globosa plants that became infected, out of 22 inoculated, yielded isolates that contained only dsRNA-1 and dsRNA-2; one of these isolates, called G96 (Fig. 3, lane 1) , was selected for further study; it remained free from dsRNA-3 throughout more than 14 months culture in N. benthamiana or N. clevelandii, and 12 months culture in groundnut. Two additional G. globosa plants yielded isolates that still contained dsRNA-3. 
Reintroduction o f dsRNA-3 into isolate G96
Three experiments were done to find out whether the putative satellite, dsRNA-3, could be reintroduced into isolate G96. In the first experiment, fractions from the previously described sucrose density gradient centrifugation of total nucleic acids from GRV(C)-infected N. elevelandii were used as a source of ssRNA-3, which was presumed to exist. The ten 12-drop fractions above the smallest ribosomal R N A (Mr 0-56 × 106) (see Reddy et al., 1985b) were collected, and diluted 100-fold before inoculation to N. benthamiana. In the other two experiments, the dsRNA-3 band was cut from L G T agarose gels and the slices were heated at 100 °C for 5 min in Tris-EDTA buffer containing 4 mg/ml bentonite, then chilled rapidly in ice and inoculated immediately to N. benthamiana. In all three experiments, some plants were also inoculated (up to 30 min previously) with isolate G96, and some with isolate G96 alone. The plants inoculated with the density gradient fractions, or with the extracts from the gel slices, in the absence of G96, developed no symptoms. Moreover, when attempts were made to propagate virus isolates from these plants by inoculation to further N. benthamiana, these further plants likewise developed no symptoms and preparations made from them by the dsRNA extraction procedure gave no electrophoretic bands (Fig. 3, lane 3) . Isolates derived in the same way from plants inoculated with G96 alone yielded, as expected, dsRNA-1 and dsRNA-2 (Fig.  3, lane 1) . In contrast, in all three experiments, isolates derived from plants receiving the double inoculation yielded dsRNA preparations which gave a pattern of bands (Fig. 3, lane 2) indistinguishable from those produced by the parental isolate, GRV(C) (Fig. 3, lane 4) . Thus RNA-3 (whether supplied in the form of melted dsRNA or as unheated density gradient fractions of total leaf RNA) is not infective alone but is infective when inoculated together with G96. These results, taken together with the lack of any appreciable sequence homology between dsRNA-3 and either dsRNA-1 or dsRNA-2, indicate that dsRNA-3 represents a satellite (Murant & Mayo, 1982) . The results further suggest that the satellite probably occurs in plants as ssRNA.
Symptom production by isolates derived from GR V( C)
Isolate G96 gave local lesions in C. amaranticolor, and local and systemic symptoms in N. benthamiana and N. clevelandii, very similar to those of GRV(C) (Reddy et al., 1985 a) . Addition of the satellite RNA to isolate G96 had no effect on the symptoms induced in C. amaranticolor but caused slight amelioration of the symptoms in N. benthamiana and N. clevelandii.
Two experiments were done to determine the effect on groundnut of isolate G96, with and without RNA-3, in comparison with the GRV(C) parent culture. N. bentharniana leaf extracts were used as inoculum in the first experiment, N. benthamiana leaf total nucleic acid in the second experiment. Inoculation of isolate G96 to a total of 18 groundnut plants resulted in 17 infections, but none of the plants showed symptoms except, in a few instances, for a barely detectable mottle of the tip leaves which lasted for only 1 to 2 days. Isolates recovered from two of these plants 3 months after inoculation produced only dsRNA-1 and dsRNA-2. In contrast, inoculation of G 9 6 + RNA-3 to 18 plants resulted in only 11 infections but eight of these showed symptoms. Isolates recovered from two of these symptom-bearing plants produced dsRNA-3 as well as dsRNA-1 and dsRNA-2. The symptoms in the eight symptom-bearing plants inoculated with G96 + RNA-3 resembled those in four of the six plants inoculated with G RV(C). As reported by Reddy et al. (1985 a) for GRV(C), the symptoms took longer to develop than is usual for plants inoculated with the GRAV/GRV complex by grafting or by aphids; we also found that the symptoms tended to be milder. Further experiments showed that introduction of GRAV into the cultures of GRV(C) or G96 + RNA-3 gave some intensification of the rosette symptoms, whereas plants containing GRAV + G96 still remained symptomless. Presence of GRAV may therefore assist the development of rosette symptoms.
DISCUSSION
The results presented in this paper show that the 900 bp dsRNA (dsRNA-3) of GRV represents a satellite RNA. Moreover, only groundnut plants containing this satellite develop symptoms of rosette disease, although the additional presence of GRAV may be necessary for the full expression of rosette symptoms. The GRV satellite thus joins a select list, because only two other satellites, those of arabis mosaic virus (Davies & Clark, 1983 ) and cucumber mosaic virus (Waterworth et al., 1979; Waterworth & Kaper, 1980) , are known to be responsible for disease symptoms in cultivated plants. The GRV satellite is the more remarkable because not only does it depend on a helper virus (GRV) for replication in plants but both it and GRV depend on a further virus (GRAV) for transmission by aphids. This means almost certainly, by analogy with the CRLV/CMotV system (Waterhouse & Murant, 1983) , that the GRV satellite, as well as the genomic RNA of GRV itself, depends on GRAV for the coat protein in which it is packaged. This double form of dependence seems unique among the plant virus complexes so far described.
The essential role of the GRV satellite in causation of rosette symptoms in groundnut no doubt explains why dsRNA-3 has so far always been found in cultures of GRV from rosetted groundnut plants. It remains to be shown whether satellite-free cultures of GRV occur in symptomless groundnut plants in nature, for example in rosette-resistant cultivars. To establish this, and to facilitate the detection of GRV in the absence of its satellite in other kinds of plant material, it will obviously be desirable to develop cloned cDNA probes to dsRNA-l as well as to dsRNA-3. It will also be of great interest to know whether different forms of the satellite are responsible for the chlorotic, green and mosaic forms of rosette disease.
